Abstract--With continuous development of the 2nd generation HTS conductor, the critical current of the conductor is also increasing. However, many applications require more than 2 conductors in parallel to transport large current. Applications such as HTS power cables and some HTS current leads usually need much larger transport current than that provided by a single conductor and they require more than several tens of HTS conductors. In the case of parallel connection of multiple HTS conductors, the current distribution depends on the contact resistance of each conductor at the terminals for DC operation. The non-uniform distribution of the terminal resistances results in a non-uniform distribution of the current. The resultant current non-uniformity affects on the measurement of the I-V curve and the thermal performance of the multiple conductors. This paper describes the I-V curves obtained from multiply connected HTS conductors with different terminal contact resistances to investigate the relationship between the distorted I-V curve and heat generation.
INTRODUCTION
The critical current of the HTS conductor is increasing with the continuous development of the 2nd generation HTS conductor. However, it is necessary to connect several HTS conductors in parallel to increase the transport current above the critical current of a single conductor. In general, several HTS conductors are used for HTS current leads [1] - [2] and several tens of HTS conductors are used for HTS power cables [3] - [4] . Some HTS power cables and current leads require transport current of more than 10 kA.
In the case of DC operation, the current distribution is affected by the terminal contact resistances between the multiple conductors while the distribution is also affected by the self and mutual inductance in AC operation [5] - [6] .
Due to the non-uniform current distribution, the measured I-V curve of multiply connected conductors can be affected by the configurations of the voltage taps unlike the measurement of a single conductor. Consequently, it is the measured I-V curve can show additional resistive components or negative voltage and it can lead to inaccurate prediction of heat generation and thus an incorrect analysis [7] - [8] .
Moreover, current redistribution also occurs as the transport current approaches the critical current due to the resistive component of the HTS conductor and it generates additional heat loss.
This paper describes the analysis results of two-strand and multi-strand HTS conductors according to various configurations of the voltage taps. The distortion of the I-V curves and the calculated heat generation are presented.
ANALYSIS OF CURRENT DISTRIBUTION

Two strand analysis model
For a simple analysis of the distorted I-V curve, which depends on the configuration of the voltage taps, a two strand analysis model is suggested. Table 1 shows the specifications of the HTS conductor. Each HTS conductor has the same critical current and index value. Fig. 1 shows the circuit diagram of the two strands model with different contact resistances. Four kinds of voltage taps of V 1 to V 4 were considered.
The current distribution and the voltage drops of the circuit diagram can be calculated by considering the variable resistance of the HTS conductor, which is determined by the transport current, as in (1) to (3). 
Where I 0 , I 1 , and I 2 are the total transport current and the current at conductor 1 (HTS1) and conductor 2 (HTS2). V 0 is the total voltage drop through the terminal resistances and HTS conductors. R 1L , R 1R , R 2L , and R 2R are the terminal resistances shown in Fig. 1 . E 0 is the critical voltage of 1 µV/cm and l is the length of the conductor in centimeters. I 1,c and I 2,c are the critical current of HTS1 and HTS2, respectively.
Two strand analysis results
By increasing the transport current (I 0 ), four kinds of voltage signals can be calculated, as shown in ( )
As shown in Fig. 2 , V 1 shows a large index value curve and V 2 shows a small index value curve. In the case of V 3 , it shows a negative voltage drop and V 4 shows initially resistive voltage.
These results are caused by the non-uniform current distribution. Since the terminal resistance of HTS2 is smaller than that of HTS1, more current flows through HTS2 than HTS1. However, as the current at HTS2 increases and approaches the critical current, it becomes resistive and the current starts to bypass to HTS1. This results in small and large index value curves. Therefore, it is thought that extraordinary I-V curves can be obtained because the measured I-V curves of the two strand With each calculated voltage signal, the heat generation can be calculated. If we select V 4 as the representative voltage signal, the heat generation at the two strand HTS conductor can be calculated by simply multiplying the total transport current with the voltage, as in (6) . However, the true heat generation can be calculated by considering each voltage drop and individual current, as in (7). Moreover, heat generation of an even current distribution can be calculated by assuming equal terminal resistances, as in (8).
( ) Fig. 3 shows the calculated heat generation based on each calculation method. As shown in Fig 3, P even is the smallest and P 4 is the largest. Among the calculated heat generation variables, P real is the actual heat generation of the two strand conductor model. However, the results show that the calculation results in an incorrect prediction according to the configuration of the voltage taps. Moreover, it is seen that additional heat generation occurs through current redistribution compared with the case of even distribution with equal terminal resistances.
Multi-strands analysis model
In the case of HTS power cables and some HTS current leads, a number of HTS conductors are connected in parallel to transport large current. Fig. 4 shows the circuit diagram of a multi-strand conductor and Table 2 shows the specifications of the HTS conductor used in the analysis.
For the distribution of the terminal resistances, a Gaussian distribution of the resistance was used with an average value of 0.55 μΩ and a standard deviation of 275 nΩ(4σ). In the analysis, the range of the resistance was limited within 0.1 to 1 μΩ. Fig. 5 shows the terminal resistances generated by the Gaussian distribution. To analyze the current distribution, voltage drops and heat generation, (1), (2) , and (3) were expanded for 50 HTS conductors.
Investigation of I-V characteristics and heat generation of multiply connected HTS conductors in parallel
Analysis results of multi-strand model
The analysis is performed by calculating the current distribution at each step of the total transport current. Similar to the results of Fig. 2 , various voltage curves can be obtained according to the configurations of the voltage taps.
The obtained voltage curves can be divided into the following groups. Fig. 7 shows the large index value curve and a small index value curve with the standard curve. V large index value and V small index value correspond to the voltage drop through the HTS conductors of the largest and the smallest terminal resistance, respectively. These configurations are similar to V 1 and V 2 in Fig. 1 .
As shown in Figs. 6 and 7, various I-V curves can be obtained according to the various configurations of the voltage taps. The results can be explained in a similar manner as presented for the two strand model.
Using the obtained voltage curves, the heat generation can be calculated by the following equations. First, the heat generation can be calculated by assuming an even distribution, as in (9). Based on the initially resistive voltage curve, the heat generation is calculated as delineated in (10). However, the real heat generation should be calculated by considering each distribution of the current and voltage drops as in (11). 9 . Variation of the current distribution for different total transport current. Fig. 8 shows the calculated heat generations by each calculation method. As shown in Fig. 8 , the heat generation is minimized for the even distribution, while larger heat generation is obtained with the initially resistive voltage curve. Moreover, P real also shows slightly larger heat generation.
These calculation results indicate that the experimental results from a short sample HTS power cable depend on the configurations of the voltage taps, and the results cannot be directly used to calculate the expected heat loss below the critical current. Fig. 9 shows the variation of the current distribution for different total transport currents. Initially, the current distribution depends only on the distribution of the terminal resistances; however, the current distribution becomes uniform as the transport current increases.
During this process, additional heat loss is generated through current redistribution when the transport current approaches the critical current. The amount of heat generation depends on the non-uniformity of the terminal resistance and the length of the HTS conductors, because over current is limited by the increased resistance at the HTS conductors and it is redistributed through the terminal resistances. Therefore, the over current can be easily bypassed to other HTS conductors if the resistances among the conductors are small.
CONCLUSION
In this paper, some problems related to distorted voltage signals were investigated with a simple analysis of the electric circuits of two strand and multi-strand HTS conductors. It was verified that the distorted voltage signal can result in incorrect prediction of the heat generation. Therefore, the I-V curve for multiply connected HTS conductors should be carefully interpreted.
To suppress the distorted voltage signal, an even distribution of the terminal resistance is necessary. However, some dispersion of the resistance is inevitable, since the jointing process is carried out manually and it involves various uncontrolled effects such as soldering surface, solder thickness, and so on. Investigation focused on precise measurement of the current distribution is required to better predict the actual heat generation of a multi-strands conductor.
In addition, the use of several additional HTS conductors that connect multiple conductors can be considered to minimize the heat generation from the redistribution process by reducing the resistances among the conductors.
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